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SputteringPlasma nitriding of pure niobium was investigated using a dc square waveform pulsed power supply of 5.0 kW,
aiming to change the material surface characteristics due to heating and physical–chemical reactions caused by
the ions and fast neutral bombardment during the treatment. Nitriding was performed for temperatures of 500,
750, 915 and 1080 °C, at 90% N2 + 10% H2 gas mixture, pressure of 1200 MPa (9 Torr), at 300 sccm gas ﬂow
rate and nitriding time of 7.2 ks. Characterization of the samples was carried out by means of SEM, XRD,
nanoindentation technique, scratch testing and roughness analysis. Strong increase of the surface hardness
was veriﬁed. Nanoindentation results indicate values on the order of 2.5 GPa for pure niobium in the start con-
dition (as non-nitrided) and up to 21 GPa in the as-nitrided condition. The XRD patterns show the presence of
ε-NbN and β-Nb2N hexagonal phases in addition to the original Nb peaks. Signiﬁcant changes on surface mor-
phology and roughness of the treated samples were observed for the studied conditions and are discussed con-
sidering the sputtering and plasma species bombardment effect.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Plasma nitriding is a thermochemical surface treatment widely
used to treat steels and alloys. It is one of the most versatile nitriding
processes with many advantages over the conventional salt-bath and
gas nitriding [1]. It is widely used in many industrial applications,
aiming to improve speciﬁc properties of the treated surfaces, such as
wear and fatigue resistance, surface hardness, corrosion resistance, and
reduced friction.
On the other hand, nitrides and carbides of transition metals of
groups IV, V and VI usually show physical–chemical characteristics of
interest in mechanical ﬁeld as high hardness, good abrasion wear resis-
tance, corrosion resistance and excellent thermal stability [2–4]. Due to
these aspects, suchmaterials are potential candidates to be used in spe-
cial alloys as coatings, or even as base metallic materials for special ap-
plications, having their surfaces altered by thermochemical treatments
[5–10]. Different from veriﬁcation for Mo and Ti base metals and alloys
[9–16], few works comprising plasma nitriding and treatment of niobi-
um have been published in specialized literature [5,6,17–19].
As presented in [20], niobium is a refractory and ductile b.c.c. (body
centered cubic) metal. It does not tarnish or oxidize at room tempera-
ture. Its mechanical properties are highly dependent of the content of
interstitial elements. For information purpose, high purity annealed
niobium (for 100–200 ppm of interstitial contaminant contents) pre-
sents hardness of 80 HV, tensile strength of 275 MPa, yield strength
of 207 MPa, elastic modulus of 103 GPa, and very high elongation+55 41 33613129.
rights reserved.expressed in %, id. est, its maximum cold-work reduction between an-
neals is virtually unlimited [21]. In its pure state, it promptly oxidizes
at high temperatures in the presence of oxygen, but, when connected
with nitrogen in the form of nitrides, marked improvement in its me-
chanical properties and resistance to oxidation at high temperatures is
observed [21,22]. Speciﬁcally regarding the niobium nitrides, it is
apparent that these materials are chemically inert to most of the
applications. Due to this characteristic, they have been increasingly
studied and used for different applications comprising microelectron-
ics, micromechanics, superconductivity and others [19,23–26].
In the present work, plasma nitriding of pure niobium was investi-
gated for different treatment temperatures using a dc square waveform
pulsed power supply of 5.0 kW, aiming to determine the changes of the
material surface characteristics due to heating and physical–chemical
reactions caused by the ions and fast neutral bombardment during
treatment. Special attention is given to the characterization of the treat-
ed surfaces by means of nanoindentation technique, scratch testing,
scanning electron microscopy, and roughness analysis, being that the
changes on samples surface characteristics are discussed considering
the sputtering mechanism and aspects related to the surface–plasma
interaction.
2. Experimental procedure
Schematic representation of the plasma nitriding apparatus utilized
in this work is presented in Fig. 1. Heating of the sample was obtained
by plasma species (ions and fast neutrals) bombardment. The plasma
apparatus consisted of a dc pulsed power supply and a stainless steel
discharge chamber of 350 mm in diameter and 380 mm in height,
Fig. 1. Schematic representation of the plasma nitriding apparatus.
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tem was evacuated to a residual pressure of 2.6 Pa using a double stage
mechanical pump. The gas mixture consisting of 90% N2 (99.999% pure)
and 10% H2 (99.999% pure) was adjusted using two datametrics mass
ﬂow controllers whose full scale values were 8.33 × 10−6 Nm3 s−1
(500 sccm). The total gas ﬂow was set to 5 × 10−6 Nm3 s−1
(300 sccm) in order to maintain a ‘clean’ atmosphere of the discharge.
Samples of niobium cut by wire electrical discharge machining
(WEDM) in dimensions of 10 mm diameter × 6 mm height were pre-
pared from 98.9% purity and 90% reduction cold-rolled niobium cylin-
drical bar. The study was performed for annealed niobium samples.
Annealing treatment of the cold-worked niobium samples was carried
out in vacuum furnace, at 1000 °C, for 3.6 ks, and 1.33 Pa pressure, as
presented in [20]. The surfaces of the samples were handy ground and
ﬁnished by polishing using 1.0 μm Al2O3 suspension before nitriding.
The niobium sample acted as cathode and it was placed on a sample
support presenting dimensions of 10 mmdiameter × 20 mmhigh. The
cathode was negatively biased at the voltage of 675 ± 15 V using a
square waveform pulsed power supply. An electrical resistance adjust-
ed to 50 Ω was connected in series between the power supply and
the cathode. The power transferred to the plasmawas adjusted by vary-
ing the time switched on (ton) of the pulse. The pulse period was
240 μs. Temperature was controlled by adjusting the ton. It was mea-
sured by means of a chromel–alumel thermocouple (type K of 1.5 mm
diameter), which was inserted to a depth of 15 mm inside the sample
support.
Nitriding was performed at 500, 750, 915, and 1080 °C, for a
time of 7.2 ks, at a pressure of 1.2 kPa (9 Torr), with a gas ﬂow of
5 × 10−6 m3 s−1, for gas mixture of 90% N2 + 10% H2, and the dis-
charge current was 56, 108, 176, and 264 mA, respectively. Before
treatment, the sample was cleaned under a H2 electrical discharge at
150 °C for 0.6 ks, at pressure of 4.0 × 102 Pa. After this step, the gas
pressure was adjusted to the speciﬁed value of treatment and the sam-
ple was heated up to the nitriding temperature at a heating rate of
0.25 °C s−1.
The samples were characterized by scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS), using a FEI
Quanta 200 microscope equipped with a model 6427 Oxford Instru-
ments detector, aiming to determine the surface morphology. Phasesat the treated surface were determined by X-ray diffractometry (XRD),
using 40 kV Philips Analytical X-Ray B.V.-PW1710 equipment, CuKα ra-
diation, θ–2θ conﬁguration, for angles between 20.01° and 110.01° with
step of 0.02° s−1.
Characterization was also carried out by means of nanoindentation
technique, using a Nanoindenter XP-MTS System, aiming to determine
the hardness of treated surfaces, and to perform scratch testing and
roughness analysis. In this case, the hardness was determined using
Berkovich indenter, at loads up to 400 mN and 10 s for loading time.
Scratch tests were performed using loadings from 0 to 400 mN, scratch
length of 500 μm and indenter translation velocity of 10 μm s−1.
Each studied nitriding condition and characterization of the pro-
cessed sampleswere repeated at least twice to guarantee the reproduc-
ibility of results.
3. Results and discussions
Surface aspect of the niobium samples nitrided at 500, 750, 915 and
1080 °C is shown in Fig. 2(a, b, c, d), respectively. No signiﬁcant change
of the surface morphology was observed for the sample nitrided at
500 °C (Fig. 2a), since the morphology remains unaltered in relation
to that obtained by polishing, which was performed previously to ni-
triding. This assertion is supported by Fig. 3(a) result, which shows
the roughness proﬁle obtained for the sample treated at 500 °C, consid-
ering that the roughness proﬁles obtained for both the conditions (com-
pared with the non-treated sample) are similar, presenting maximum
roughness variation between ±150 nm.
In addition, slight changes in the surface morphology were veriﬁed
for samples nitrided at 750, and 915 °C according to Fig. 2(b, c), re-
spectively, but in these cases, the roughness variation was increased
up to±300 nm (results not shown). The increase of the roughness var-
iation range for samples treated at higher temperatures is directly relat-
ed to the ton parameter. It should be noted that the higher the ton the
higher is the treatment temperature, so it can be explained as a function
of the sputtering mechanism as follows: as the nitriding time is the
same, for all studied conditions, the glow discharge remains working
for a higher ton (or duty cycle) inside the pulse period, leading the
sputtering mechanism to be intensiﬁed for a higher ton. Moreover, as
the gas pressure (9 Torr) and the discharge potential (675 V) are also
the same to the performed experiments, the energy distribution of the
plasma species bombarding the cathode tends to be unaltered, in accor-
dance with Davis and Vanderslice's dc glow discharge study, predicting
the product p.d = constant (p = gas pressure; and d = cathode sheath
thickness) for a same discharge potential, as presented in [27]. The ton
utilized to obtain nitriding temperatures of 500, 750, 915, and 1080 °C
was on the order of 96, 116, 150, and 225 μs, respectively.
On the other hand, strong surface modiﬁcation was noted for the
sample nitrided at 1080 °C (Fig. 2d), for a glow discharge working
with almost the whole pulse period, by using ton of 225 μs. The surface
morphology would remember the presence of atom islands growing at
the surface, probably due to formation of niobium nitride at the treated
surface. Themechanismof surfacemodiﬁcation is to be determined, but
it is supposed comprising the sputtering of atoms [27], which would
re-condense on the surface during treatment, resulting in the formation
of atom islands or clusters at the surface [27,28]. In addition, as
evidenced in Fig. 2(d), the surface roughness was strongly increased
for the highest nitriding temperature (1080 °C). This is conﬁrmed by
roughness analysis results presented in Fig. 3(b),which indicates values
of amplitude from maximum peak to valley varying up to 700 nm. It is
also to be noted great number of roughness peaks presenting positive
values ranging from 200 to 600 nm (Fig. 3b), which would agree with
the presence of sub-micrometric atom islands at the surface. For com-
parison purpose, as previously indicated, it is presented in Fig. 3(a)
the roughness analysis results for the lowest nitriding temperature
(500 °C), showing values of amplitude from maximum peak to valley
on the order of 300 nm.
Fig. 2. Surface aspect of niobium samples nitrided at: a) 500; b) 750; c) 915; and d) 1080 °C.
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penetration depth for the different studied conditions in the present
work is shown in Fig. 4. Results indicate maximum values on the
order of 21 GPa for penetration depths of 52 and 125 nm, for nitrid-
ing temperatures of 750 and 915 °C, respectively. Keeping in mind
that the substrate effect on the measured hardness of a hard ﬁlmFig. 3. Roughness proﬁle for surfaces plasma nitrided at: a) 500; and b) 1080 °C.tends to be negligible for indenter penetration depths smaller than
20% of the total ﬁlm thickness, according to [29], nitrided layer thick-
ness on the order of 260 and 625 nm could be expected for samples
treated at 750 and 915 °C, respectively. SEM image characterization
from a fractured cross-section of sample nitrided at 915 °C was per-
formed in order to evaluate the thickness of the nitrided layer, being
that thickness of 542 nmwas observed, agreeingwell with the estimat-
ed value above mentioned (result not shown). In addition, large hard-
ness dispersion was observed for samples nitrided at 750 °C and
higher nitriding temperatures. The occurrence of high dispersion values
is typical for samples presenting high roughness [30]. The samples ni-
trided at 1080 °C presented lower values of hardness at small depths.
This result is an artifact due to roughness. However, confronting the re-
sults shown in Fig. 4, for deep tip penetrations the observed hardness
values are higher, indicating that the nitrided depth is higher than
that obtained for samples treated at nitriding temperatures lowerFig. 4. Hardness of the treated surfaces as a function of the indenter penetration depth
for the different studied conditions.
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temperature. On the other hand, at 500 °C no important hardening ef-
fect was veriﬁed for the treated surface, since the obtained hardness
curve was practically identical to that obtained for pure niobium in
the as non-nitrided condition (not presented here). In this case, the
hardness of the nitrided region was around 7–8 GPa. Analyzing the
hardness proﬁle of the samples nitrided at 915 °C, lower hardness at
very shallow tip penetrations, and a maximum of 21 GPa at about
120 nm, as previously presented are observed, being that a continuous
decrease to values near the bulk one occurs for depths up to 2500 nm.
The lower values at shallow tip penetrations can be also attributed to
roughness [30]. From the experimental data, despite the effect of the
roughness that normally decreases the measured hardness values, a
high value of 21 GPa was obtained for the Nb–N layer at the surface,
for nitriding temperatures of 750 and 915 °C indicating a possible max-
imum value for it. This value is higher than that obtained for nitrided
steel layers, whichpresent values near 15–18 GPa.Moreover, compared
with titanium nitride, niobium nitride tends to present similar values,
according to [15].
The Bragg–Brentano XRD patterns of the treated surfaces are
shown in Fig. 5. Results indicate the evolution of the growing phases
at the nitrided layer as a function of the nitriding temperature.
Diffraction peaks for the ε-NbN hexagonal phase (according to
JCPDS 89-5125, and JCPDS 25-1361) and β-Nb2N hexagonal phase
(JCPDS 40-1274, and JCPDS 65-3491) on niobium substrate surface
(JCPDS 89-5008, and JCPDS 02-1108) can be supposedly observed.
Some important physical–metallurgical characteristics of the N-Nb
phase diagram are to be addressed, as observed in [31,32], givingFig. 5. XRD patterns for the niobium samples nitrided at 500, 750, 915, and 1080 °C.support to discussion of the XRD results obtained here, for the sam-
ples nitrided at temperatures up to 1080 °C: i) in accordance with
the solvus curve for the α-Nb(N) phase, the nitrogen solubility in
b.c.c. niobium ranges from b3 wt.% N at temperature of ≈2350 °C
to zero at room temperature [31]; ii) the β-Nb2N hexagonal phase oc-
curs below ≈2430 °C for compositions ranging from ≈5.9 to 7 wt.%
N [31]; iii) the γ-Nb4N3 tetragonal phase occurs below ≈2200 °C
for compositions ≈10.2 wt.% N [31]; and iv) the ε-NbN hexagonal
phase occurs below ≈1370 °C for compositions ≈13.1 wt.% N [31].
In addition, as presented in [32], other phases such as δ-NbN
(cubic), δ′-NbN (hexagonal), and η-NbN (hexagonal) can be obtained
by different techniques and have been reported in different works
[33–38]. Otherwise, according to [34], the phase identiﬁcation of nio-
bium nitrides requires special care because the majority of the peaks
from hexagonal phases δ′-NbN (JCPDF ﬁle 14-0547) and ε-NbN
(JCPDF ﬁle 20-0801) are almost at the same position; and similar
source of uncertainty occurs for the δ-NbN (JCPDF ﬁle 38-1155) and
tetragonal γ-Nb4N3 (JCPDF ﬁle 20-0803) phases.
All the aspects mentioned above are considered in the analysis of
Fig. 5 results. It is to be noted that two hexagonal phases predicted on
the N-Nb phase diagram [31,32], in the case ε-NbN and β-Nb2N were
obtained. This assertion is based on the fact that the XRD patterns for
the hexagonal δ′-NbN phase, as previously indicated by [34], do not
compare with the obtained patterns for the treated surfaces. On the
other hand, despite that the γ-Nb4N3 tetragonal phase is also predicted
for equilibriumconditions according to theN-Nbphase diagram [31,32],
only some diffraction peaks of this phase (based on JCPDF ﬁle 20-0803)
could be matched in the obtained patterns. This explains why the for-
mation of γ-Nb4N3 phase is not conﬁrmed in the presented results,
keeping in mind that the use of plasma for material processing is far
from the equilibriumconditions due to the plasma–surface interactions.
In addition, considering: i) the small solubility of theN in Nb; ii) the low
nitriding kinetics for the studied conditions utilized in the present work
(low temperatures and short nitriding time), even for samples nitrided
at 1080 °C (≈0.44×niobium melting point); and iii) the strong chem-
ical afﬁnity between N and Nb, formation of very thin nitrided layers
could be expected, as previously discussed in Fig. 4 results, supposedly
presenting ε-NbN on β-Nb2N phases. Finally, the assumption that the
treated surface is constituted by ε-NbN on β-Nb2N phases is based on
two different aspects: i) the nitrogen gradient tend to decrease from
the top surface to the sample bulk, agreeing with the nitrogen content
present in the ε-NbN and β-Nb2N phases, which is ≈50 and ≈33
atom.% N, respectively; and ii) both the ε-NbN and the β-Nb2N are sta-
ble phases, according to data of the Gibbs free-energy variation for com-
pound formation (ΔG) as a function of the temperature (for ε-NbN
phase ΔG = –157582 and –85208 kJ/mol, and for β-Nb2N phase
ΔG = –170438 and –94715 kJ/mol, at 800 and 1600 K, respectively)
[39]. Otherwise, to ﬁnish, the occurrence of diffusion layer in the ob-
tained layers was not considered in the discussion of the present
work, due to the low nitriding kinetics for the studied conditions lead-
ing to the obtainment of very thin nitrided layers.
According to [8,25,40–42], the maximum hardness expected for
β-Nb2N and ε-NbN nitrides ranges between 30–35 GPa and 40–45 GPa,
respectively. So, the hardness value difference veriﬁed for the results
presented in Fig. 4 in relation to the expected maximum hardness of the
niobium nitrides could be related to the roughness effect in the treated
surfaces. But, it is important to remember that thehardnessmeasurement
of hard ﬁlms by nanoindentation technique is strongly inﬂuenced by the
mechanical properties of a softmetallic substrate, in accordancewith [43],
which is the case in the present work, since niobium is a soft b.c.c. metal.
SEM images of scratches made with a Berkovich indenter, using the
Nanoindenter XP machine, are shown in Fig. 6(a, b) for niobium sam-
ples nitrided at 500 and 1080 °C, respectively. The difference in the
morphology of the surface and the scratch groove can be observed.
Lateral pile-up is observed for the sample nitrided at 500 °C (Fig. 6a),
while it is practically absent for the sample nitrided at 1080 °C (Fig. 6b).
Fig. 6. SEM images for scratches made with a Berkovich indenter using a Nanoindenter XP machine for niobium samples nitrided at: a) 500; and b) 1080 °C (details 5 times higher
in magnitude).
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loading and after unloading are also shown in Fig. 7(a, b), for niobium
samples nitrided at 500 and 1080 °C, respectively. The penetration pro-
ﬁle during the loading is not smooth as usually observed in ametalwith
high plasticity (Fig. 7a). It is generally supposed the occurrence of
stick-slip process and fracture induced by the scratch at increasingFig. 7. Penetration proﬁles for the scratches during loading and after uloads, in addition to plastic deformation under the indenter. Con-
fronting the results, the sample nitrided at 1080 °C presents a lower
penetration during loading and also smaller residual penetration after
unloading (Fig. 7b). In this case, such result would be related to a higher
hardness, corroborating with the previous analysis of the roughness
effect, which leads to a decreasing of the measured hardness bynloading for niobium samples nitrided at: a) 500; and b) 1080 °C.
119C. Borcz et al. / Surface & Coatings Technology 224 (2013) 114–119nanoindentation technique for the surfaces of samples treated at the ni-
triding temperature of 1080 °C, according to Fig. 4 results.
4. Conclusions and ﬁnal remarks
Plasma nitriding of pure niobium was investigated using a dc
square waveform pulsed power supply for short nitriding time of
7.2 ks, aiming to determine the characteristic changes of the treated
material surface. The main conclusions can be listed as follows:
▪ dc plasma nitriding can be successfully performed aiming to treat
pure niobium;
▪ strong increase of the surface hardness, up to 21 GPa, for nitrided
layers presenting thickness on the order of less than 1 μm, roughly
estimated by nanoindentation measurements, was obtained for
samples nitrided at 750 and 915 °C, in the present work;
▪ XRD pattern results indicate the presence of ε-NbN and β-Nb2N
hexagonal phases in addition to the original niobium diffraction
peaks on the treated surfaces.
▪ signiﬁcant change on surface morphology and roughness of the
treated samples was observed for the highest nitriding tempera-
ture, in this case for 1080 °C, being that additional efforts are
needed aiming to obtain smoothened and hardened surfaces.
▪ confronting the scratch testing results, despite the higher roughness,
the sample nitrided at 1080 °C presents lower penetration during
loading and also smaller residual penetration after unloading, cor-
roboratingwith the successful treatment of pure niobiumby plasma
nitriding.
The present work opens up a new research ﬁeld, and further stud-
ies comprising the wear characterization of plasma nitrided niobium
surfaces obtained for different gas mixtures, nitriding temperatures
and longer nitriding times are being conducted this moment. In addi-
tion, another work aiming to carefully determine the actual distribu-
tion of the obtained niobium nitride phases in the nitrided layers is to
be done, which will bring new details to the discussion of this subject.
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